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The Long Island Sound Coastal Observational platform (LISCO) near Northport, New York, has been
recently established to support validation of ocean color radiometry (OCR) satellite data. LISCO is
equipped with collocated multispectral, SeaPRISM, and hyperspectral, HyperSAS, above-water systems
for OCR measurements. This combination offers the potential for improving validation activities of cur-
rent and future OCR satellite missions, as well as for satellite intercomparisons and spectral character-
ization of coastal waters. Results of measurements made by both the multi and hyperspectral
instruments, in operation since October 2009, are presented, evaluated and their associated uncertain-
ties quantified based on observations for a period of over a year. Multi- and hyperspectral data processing
as well as the data quality analysis are described and their uncertainties evaluated. The quantified in-
trinsic uneertainties of HyperSAS data exhibit satisfactory values, less than 5% over a large spectral
range, from 340 to 740 nm, and over a large range of diurnal daylight conditions, depending on the max-
imum sun elevation at the solar noon. Intercomparisons between HyperSAS and SeaPRISM data re-
vealed that an overcorrection of the sun glint effect in the current SeaPRISM processing induces
errors, which are amplified through the whole data processing, especially at the shorter wavelengths.
The spectral-averaged uneertainties can be decomposed as follows: (i) sun glint removal generates
2% uncertainty, (ii) sky glint removal generates strong uncertainties of the order of 15% mainly induced
by sun glint overcorrection, (iii) viewing angle dependence corrections improve the data intercom parison
by reducing the dispersion by 2%, (iv) normalization of atmospheric effects generates approximately 4%
uncertainty. Based on this study, improvements of the sun glint correction are expected to significantly
reduce the uncertainty associated with the data processing down to the level of 1%. On the other hand,
strong correlations between both datasets (R? > 0.96) demonstrate the efficacy of the above-water retrie-
val eoncept and eonfirm that the collocated instrumentation constitutes an important aid to above-water
data quality analysis, which makes LISCO a key element of the AERONET-OC network. © 2011 Optieal
Society of America
OCIS codes:  010.0010, 280.0280, 010.4450, 010.1320, 110.4234.

1. Introduction

Optical remote sensing of coastal waters from space
0003-6935/11/305842-19$15.00/0 is a basic requirement for effective monitoring of
© 2011 Optical Society of Ameriea global water quality and assessing anthropogenic
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impacts [1]. However, this task remains highly
challenging because of the optical complexity of the
atmosphere-water system in coastal areas. Atmo-
spheric correction algorithms are applied to the total
satellite signal to remove the contribution of the ra-
diances reflected from the atmospheric and sea sur-
face in order to produce estimates of the exact
normalized water-leaving radiances, Lyy, the light
vertically exiting the water mass under the hypothe-
tical conditions of an overhead sun and normalized
by the atmospheric transmittance [2—4]. This geo-
physical data processing is indeed very sensitive to
the atmospheric and water composition [5-7] as well
as to the calibration accuracy of the sensor [8,9].
The retrieved Ly, which carries information on
the water optical properties and the water composi-
tion, is therefore not error free, and its reliability
needs to be assessed and validated against actual
in situ measurements [10]. In connection with this,
a worldwide effort is devoted to acquiring accurate
in situ time series measurements in open ocean
{11,12] and coastal waters [13].

In order to support present and future multi- and
hyperspectral validation activities for ocean color
radiometry satellites, as well as the development of
new measurements and retrieval techniques for
coastal waters, City College of New York along with
the Naval Research Laboratory, Stennis, has estab-
lished an observational platform, the Long Island
Sound Coastal Observatory (LISCO) with multi- and
hyperspectral radiometry capabilities. The multi-
spectral measurements are obtained by an autono-
mous radiometer system called sea-viewing wide
field-of-view sensor (SeaWiFS) photometer revision
for incident surface measurements (SeaPRISM).
This SeaPRISM system is part of the ocean color
component of the NASA Aerosol Robotic Network
(AERONET-OC). This network has been designed
to support long-term satellite ocean color investiga-
tions through cross-site consistent and accurate
measurements collected by autonomous radiometer
systems deployed on offshore fixed platforms making
measurements from above water [13-15]. LISCO
complements these multispectral radiometric mea-
surements by additional collocated and continuous
hyperspectral measurements using a customized hy-
perspectral surface acquisition system (HyperSAS),
which in addition to the spectral radiances measures
the hyperspectral polarization properties of these
coastal waters [16,17].

One of the major difficulties of above-water mea-
surements is to correct observations for the impact
of reflected sunlight (sun glint) and skylight (sky
glint) components [14], which are also randomly
fluctuating due to the effect of surface waves. These
fluctuations introduce geophysical noise that needs
to be removed from SeaPRISM and HyperSAS data.
Based on the retrieval scheme developed for
SeaPRISM [13,18], a hyperspectral-based proced-
ure has been implemented to derive the normalized
water-leaving radiance Lwy from HyperSAS

measurements. Thanks to the ability of LISCO
SeaPRISM and HyperSAS to provide two collocated
and coincident datasets, the consistency and the
efficacy of the above-water data processing were as-
sessed over a period of more than one year encom-
passing the full natural annual variability of
atmospheric and water conditions.

In Section 2, below, the characteristics of the
LISCO location and instrumentation are described,
and the multi and hyperspectral above-water data
correction algorithms detailed. The HyperSAS data
quality process is also defined. In Section 3, the in-
trinsic uncertainties of HyperSAS are quantified,
based on error propagation throughout the data pro-
cessing. Then, LISCO data quality is assessed
based on the respective data time series of the two
collocated multi and hyperspectral systems. Inter-
comparisons of HyperSAS and SeaPRISM direct
measurement and derived products are carried out
in order to quantify the uncertainty sources of above-
water measurements. Finally, the dispersions ob-
served between the two above-water datasets are
discussed and improvements for limiting sources of
uncertainty are delineated.

2. Long Island Sound Coastal Observatory
Characteristics

A. LISCO Location

The LISCO platform is located at approximately
3km offshore in western Long Island Sound, New
York. The coordinates of the site are N 40°57'16",
W173°20'30” [Fig. 1(a)]. The bathymetry in the im-
mediate vicinity of the platform exhibits a plateau
at around 13 meters depth [Fig. 1(b)]. It has been ver-
ified that this depth is deep enough to make the sea-
bottom contribution to the water-leaving radiance
negligible, as evidenced by the diffuse attenuation
coefficient, which is typically close to 0.3 m-!. LISCO
is located in the area of western Long Island Sound
that is usually moderately turbid with annual
average concentrations of Chlorophyll-a and total
suspended material of around 12+ 4mgm= and
3+0.5gm™3, respectively, as ‘estimated by Aurin
et al. [19]. Based on some dozens of field cruises over
one year in that region, this recent study charac-
terizes LISCO waters as very productive and
principally driven by phytoplankton biomass and as-
sociated detrital materials, rather than suspended
sediments. Steady surface currents in the LISCO
area are around 0.3ms™! on average according to
NOAA HF Radar dataset. '

B. LISCO Instrumentation

The platform combines a multispectral SeaPRISM
system (CIMEL ELECTRONIQUE, France) which
is now part of the AERONET Ocean Color Network
[13,15,20], with a collocated hyperspectral Hyper-
SAS system (Satlantic, Canada). The instruments
are positioned on a retractable tower on the LISCO
platform with an elevation of 12 m. Both instruments
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Fig. 1.
Bathymetric Chart of the Oceans (GEBCO) dataset.

were installed in October 2009 and have been
providing data since then.

The SeaPRISM system is made up of CE-318 sun
photometers modified to meet requirements for
above-water radiometry. The photometers perform
radiance measurements with a FAFOV of 1.2° to de-
termine the total radiance from the sea, Ly(4,0, ¢),
and the sky, L,(4,&, ¢), for the relative azimuth angle
with respect to the sun ¢ and the respective viewing
angles @ and & with 6 = n — ¢. Thanks to the rotating
feature of SeaPRISM, the azimuth ¢ is always set to
90° regardless of the sun position; the downwards
viewing angle 6 is set to 40° from the nadir position.
These values were determined in order to minimize
both perturbations resulting from the sun glint of the
sea surface [21] and the deployment of the super-
structure itself or its shadow [15].

The SeaPRISM system configuration of LISCO
performs ocean color measurements at the 413,
442, 491, 551, 668, 870 and 1018 nm center wave-
lengths. These center wavelengths were selected to
be as close as possible to the bands of current ocean
color radiometry satellite missions in order to sup-
port essential validation activities. In addition to
these ocean color measurements, the regular data ac-
quisitions of AERONET are also carried out, which
permits accurate retrievals of the aerosol optical
thickness and the fine-coarse aerosol mode fraction
[22]. For all those types of measurements the integra-
tion time of the SeaPRISM radiometer is preset
to 75 ms.

The hyperspectral measurements are made by a
HyperSAS system, providing high precision hyper-
spectral measurements of total spectral radiance
from the sea and the sky as well as downwelling
spectral irradiance. The radiance and irradiance
measurements of HyperSAS are carried out for
180 spectral channels regularly spaced between
305 and 905 nm. It has two radiance sensors, one
looking down at the water, and the other looking sky-
wards. They are mounted at the same location as the
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SeaPRISM system and each have a FAFOV of 3°
Consequently, the sea target sensed by HyperSAS
is larger than the SeaPRISM one. Indeed the inter-
section of the field of view with the sea surface forms
an egg-shape of 0.1m? for SeaPRISM and 0.7 m?2 for
HyperSAS. These sensors provide the sea Lp(4,0, ¢)
and the sky radiance L,(4,¢, ¢) for a fixed geometri-
cal configuration with 6 = 40° from the nadir view
and pointing exactly westwards. As a result the re-
lative azimuth ¢ is changing with respect to the
sun position. Thus, SeaPRISM and HyperSAS point
approximately at the same water target area when
the sun is in the south, in other words around
12:00 LT. Each HyperSAS and SeaPRISM sea-
viewing measurement sequence is executed every
30 min within plus or minus 4 h of 12:00 LT. The in-
tegration time of the HyperSAS radiometers is vari-
able and is automatically adjusted according to the
brightness of the scene. This parameter is around
2000 ms and 100 ms for typical sea and sky-radiance
measurements, respectively.

The calibration of the SeaPRISM sun-photometer
was carried out by the NASA 'AERONET group in
accordance with the standard procedures of
AERONET-OC. The recalibration performed in June
2011 (22 months after the initial calibration) showed
an overall decrease of 2% in the radiometric sensitiv-
ity. The HyperSAS system calibration was carried
out by Satlantic Inc. (Halifax, Canada) and checked
at CCNY Optical Remote Sensing Lab. The recalibra-
tion by Satlantic Inc. of the HyperSAS system
showed a radiometric stability, over a time period
of approximately 15 months, of better than 1% for up-
welling and downwelling radiance sensors and better
than 0.5% for the irradiance sensor. SeaPRISM data
are transferred by a satellite link to NASA, processed
by the NASA AERONET group and posted on the
NASA AERONET website. The near-real-time trans-
mission of HyperSAS data is achieved by broadband
cellular service to the CCNY server.



3. Above-Water Data Processing

A. Water-Leaving Radiance Retrieval Algorithm

The final geophysical product provided by HyperSAS
or SeaPRISM system for their respective spectral
bands is the exact normalized water-leaving radi-
ance, Lwyy, which corresponds to the radiance verti-
cally exiting from the water body just above the sea
surface for the ideal case of the sun at the zenith and
normalized by the atmospheric transmittance [2,4].
For each center wavelength, Lyy 18 retrieved from
SeaPRISM measurements by standard NASA pro-
cessing [13] and from the HyperSAS measurements
by a new CCNY algorithm based on the same con-
cepts as SeaPRISM data processing. Details on this
data processing approach were already given by [15].
However, a summary is provided here to emphasize
the physical considerations involved in this data
processing approach, and to highlight the most im-
portant differences with the HyperSAS data process-
ing approach.

The measured sea radiance Lz(4,0, ) can be de-
composed into three components: (i) the radiance
coming from the direct sun light reflected by the
wavy sea surface (sun glint), (ii) the sea surface re-
flected radiance of the sky light (sky glint) and
(iii) the water-leaving radiance emerging from the
water body through the sea surface. The data proces-
sing detailed hereafter aims to retrieve the latter
component from the total radiance measured from
above water. In order to remove, or at least minimize,
the impact of the sun glint on the measured sea ra-
diance, the average L}.(4,0, ¢) is computed for a fixed
percentage, typically 5%, of the N sea-radiance
measurements exhibiting the lowest radiance levels
[14,18]. In the case of HyperSAS, Nr is varying from
44 to 210 and two to 10 acquisitions are therefore
used for the averaging. For the SeaPRISM system,
a percentage of about 20% is taken because of the
smaller number of acquisitions within a sequence.
That corresponds to two acquisitions being retained
out of N7 = 11. The sun glint radiance L, can then be
computed for a given solar zenith angle 6, as follows:

Lg('1900907 (P) =LT('190090v (p)_L%‘('LoOvov(p) (1)

The water-leaving radiance Ly(4,0,¢) is then
computed as:

LW('Lo, (P) = L;‘('Lo, (P) _p(00707 (p,w)Ls(l,()’, (P), (2)

where the sky radiance, L,(4,¢, ¢), is determined by
simply averaging the N; (3 for SeaPRISM and
around 200 for HyperSAS) sky-radiance acquisitions.
The coefficient p(6y, 6, ¢, w) is the sea surface reflec-
tance factor, which is dependent on sky condition,
wind speed w, the solar zenith angle 6, and the view-
ing geometry [21]. A recent study suggests that this
factor can be adjusted spectrally [23]. But in this
study, the spectrally flat values of p, computed based
on the Hydrolight radiative transfer model [21], are

used. The impact of the potential spectral depen-
dence is further discussed in the last part of this ar-
ticle. It should be mentioned that both sun and sky
glint corrections are based on the Cox and Munk as-
sumption to model the wind-ruffled sea surface [24],
which remains questionable for these space and time
scales [25]. However, a dedicated study by Hooker
et al. [26) showed that the performance of that sun
glint filtering is not noticeably perturbed by reducing
the full-angle field of view (FAFOV) from 6° to 3°
(HyperSAS). Nevertheless, it has been noted in this
study that some of the above-water radiance values
are shifted higher across all the channels when
the FAFOV is reduced to 1.5°, which is similar to the
SeaPRISM FAFOV of 1.2°; no explanation for the
stepwise shift was found.

The exact water-leaving radiance Lwn (1) is
determined from Ly (4,0, ¢) as follows

LWN(A)=LW('1101¢)CSRQ('11ooyoyfpytaylop,w)
xCf/Q('LoOyTmIOP)[Dth(AvoO)COS(GO)]-I1 (3)

where 7, and IOP stand for the aerosol optical thick-
ness and the inherent optical properties, respec-
tively. Cng and Cy/q are introduced to remove the
dependence from tile viewing geometry due to the
refraction of wavy sea surface and the bidirectional
effects in Ly (2, 0, ¢), respectively; the exact formula-
tions of these terms can be found in [13], for example.
In the HyperSAS and SeaPRISM processing both
terms are interpolated from lookup tables produced
for oceanic waters and from clear-sky conditions with
7, = 0.2 at 550 nm, for various discrete 4, 6, 8, ¢ and
chlorophyll a concentration (Chl) expressing IOP de-
pendence [27]). The center wavelengths included in
the lookup tables are 412.5, 442.5, 490, 510, 560,
and 660 nm; Cyq and Cy/q are then linearly interpo-
lated or extrapolated for the specific wavelengths of
HyperSAS or SeaPRISM systems.

The term D? in (3) accounts for the variation of the
sun-earth distance with the day of the year [28] in
order to compute Lyy for the mean sun-earth dis-
tance. The last critically important term in (3) is the
atmospheric transmittance ¢4, equal to the sum of
the direct and diffuse transmittances, and which is
used in order to minimize the effect of the atmo-
spheric radiation on the water-leaving radiance. The
specific computation of this term is one of the most
important differences between HyperSAS and
SeaPRISM processing. In the NASA SeaPRISM pro-
cessing, the transmittance ¢jsq.aprism 18 computed by
the following empirical relationship [2,29]:

i [0'51}(1) +Cata ('1) +703 ('1)]>

taseaPrisM(4,00) = exp ( cosfy

(4)
where 7,, 7,, and 793 are the Rayleigh, aerosol

and ozone optical thicknesses, respectively. The C,
coefficient accounts for aerosol phase function and
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absorption properties and its value is typically
around 0.14 with a slight spectral dependence. In
the SeaPRISM processing, r, is computed taking into
account the atmospheric pressure variations, z, is di-
rectly retrieved by the sun photometer component of
the SeaPRISM measurements for each spectral
band, g3 is computed from the total ozone mapping
spectrometer (TOMS) dataset.

For the HyperSAS processing, the atmospheric
transmittance ¢ipypersas is directly computed from
the irradiance measurements:

taHypersas(4 0) = l#il)%(l)’ (5)

where F; is the theoretical extraterrestrial solar
irradiance for the mean sun-earth distance [30]
and E, is the mean value of the HyperSAS irradiance
measurements over 3 min time acquisition.

B. HyperSAS Data Quality Process

The final processing step consists in eliminating the
data that is significantly corrupted by unexpected
environmental effects or any stochastic artifacts.
Such a quality assurance has already been developed
for a SeaPRISM system in the framework of the
AERONET-OC distribution. In particular, an auto-
matic cloud screening based on almucantar and prin-
cipal plane sky-radiance measurements [20] and an
elimination of data showing negative value, or ex-
ceedingly high variance of measured radiances, are
applied to generate quality-assurance level 1.5 pro-
ducts; see [13] for details. The SeaPRISM data of
LISCO site used in this study are level 1.5 data,
and have been manually checked, making sure that
no corrupted spectra were present in this dataset. A
specific data filtering procedure has been developed
for HyperSAS, independently of SeaPRISM and is
summarized below.

: i " L

Rejection Rate =51.3%
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First, negative data are filtered and their values
are replaced with zero, in the cases that the measure-
ments are very close to the dark current value. Sec-
ond, for each HyperSAS measurement sequence, the
ratio of the downwelling irradiance E, measured at
443 nm to its theoretical clear-sky value is computed.
The theoretical irradiance is computed for the actual
sun elevation with 6SV radiative transfer code [31]
for an aerosol optical thickness of 0.1 at 550 nm,
which is typically the situation in the LISCO loca-
tion. Under totally, or even partially, overcast skies,
the measured E, drops down and the irradiance ratio
departs from unity. On the basis of the distribution of
the measured-to-computed E, ratio [Fig. 2(a)] and
following [12] the whole measurement sequence is
eliminated from the data quality process if the ratio
is outside the [0.85,1.1] range. Note that the applica-
tion of this filtering condition eliminates more than
the half of the data as indicated by the rejection rate
[Fig. 2(a)l. Third, the relative standard deviation of
sky radiances L, is computed for each measurement
sequence. If the sky is partially cloudy, for instance,
this standard deviation is enhanced by the progres-
sion of scattered clouds through the field-of-view of
the sensor during the 3 min time acquisition. In or-
der to filter the HyperSAS dataset for clear-sky con-
ditions only, a relative standard deviation threshold
of 5% has been set on the basis of the HyperSAS time
series statistics [Fig. 2(b)].

All those previous filters are built on the basis of
data quality checks of HyperSAS direct measure-
ments. However, unexpected environmental effects
can continue to exist even after this first data screen-
ing, and induce variable impacts on the final product
throughout the whole data processing. Consequently,
an independent filtering approach has been devel-
oped based on hyperspectral normalized water-
leaving radiance Lyy. At the end of the HyperSAS
processing any impact from sky and sun light should
have been removed from the measured signal and

Rejection Rate =18.2%

150
100 4

50

Ol Daich L.
0.00 0.05 0.1 0.15 0.20

Rel. Std. of L,

(a) Histogram of the ratio of the irradiance E, measured at 443 nm by HyperSAS to its theoretical clear-sky value computed from

6SV radiative transfer code. The value of this ratio must be between 0.85 and 1.1 (shaded area) for the corresponding data to be included in
the data quality process. (b) Histogram of the relative standard deviation of sky radiances L, having passed the E, ratio filter. The values
must be lower than 0.05 (shaded area) to pass the data quality process. Histograms and rejection rates have been established over the
period from October 2009 to January 2011.
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should be negligible in the retrieved Ly, spectrum.
In the HyperSAS system spectral range, one of the
most specific spectral patterns of the sky radiation
field occurs around 760 nm where the atmospheric
oxygen molecules exhibits a very strong absorption
feature [32]. In Fig. 3(a), the oxygen absorption spec-
trum is plotted along with the average sun glint ra-
diance L, derived from the HyperSAS time series. It
can be readily seen that the L, spectrum shows a sig-
nificant trough corresponding to the oxygen absorp-
tion peak, whereas the off-peak L, values stay quite
stable over this spectral region.

In order to assess whether or not the retrieved Ly
have been well-corrected for sun and sky glint ra-
diances, two distinct spectral averages are computed
as follows:

LWN(760.2);-LWN(763.6) ©

on-peak __
LWN -

independently of SeaPRISM. After this initial qual-
ity assessment, it will then be possible to make use of
HyperSAS and SeaPRISM time series measure-
ments in order to cross-validate both systems.

A. Intrinsic Uncertainty Estimator

The data quality assessment of the HyperSAS
system, along with its specific data processing proce-
dure, is addressed here. First, HyperSAS data have
been filtered based on the irradiance ratio and the
sky-radiance variation filters, detailed above, to re-
move all data acquired during overcast conditions.
It should be noted that the filters based on hyper-
spectral information have been relaxed for the ana-
lysis in this section, in order to first assess data
quality even if strong sun and sky glint contamina-
tions are present. Second, for each measurement se-
quence, the HyperSAS data processing procedure
has been applied to N}, sea-radiance acquisitions se-
parately, where N has been set to 20% of the Np

poft-peak _ Lwn(753.6) + Lyn (756.9) + Lyn(770.2) + Lyn(773.6)
WN =

where the values in parentheses are the wavelengths
in nm corresponding to the current HyperSAS set-
tings at the LISCO site. In the ideal case where
all contamination by the sun and sky light reflected
at the sea surface have been removed from the Ly,
the difference ALyy = Li-Pe* — L%‘;,peak and the ra-
tio of L“’,:,TA‘,pe"k over L“’{,';,pe“k must be close to 0 and 1,
respectively. The histograms of these two quantities
have been plotted in Figs. 3(b) and 3(c) for HyperSAS
data that have successfully passed the first data
quality check steps. From these statistics, it has been
decided, based on a rejection rate of 20%, to eliminate
any HyperSAS spectra from the data quality process
if the difference ALwy is outside the range of
[-0.01; 0.2l mW em~2 sr™! um™!, or if the Lyy ratio is
outside the [-0.95;1.2] interval. It is worth noting
that this procedure makes it possible to ensure very
low sun glint contamination for HyperSAS Ly, data
retained.

4. HyperSAS intrinsic Uncertainty Assessment

A major difficulty with above-water measurements is
associated with corrections of observations for the
effect of surface waves that introduce significant
fluctuations into the glint and reflected skylight com-
ponents. These fluctuations induce different geo-
physical noise with respect to the sun position
and viewing geometry [14]. Because HyperSAS and
SeaPRISM do not have exactly the same viewing
geometry throughout the day, it is of paramount
importance to quantify the HyperSAS data quality

i : ™

sea-radiance measurements exhibiting the lowest
radiance levels. This elimination of the highest
sea-radiances is equivalent to the effective removal
of sun glint effects in the HyperSAS data processing.
In addition, it is worth noting that Ny varies from 44
to 210 within a measurement sequence of three min-
utes because of the adjustment of the integration
time to the target brightness. The value of 20% of
N7 has been chosen, instead of 5% used in the stan-
dard sun glint correction of HyperSAS data, in order
to increase the number of acquisition for each se-
quence, and make this analysis more statistically
meaningful. Thus, N7 values of the exact normalized
water-leaving radiance Lyy are retrieved for each
HyperSAS measurement sequence, then an estima-
tor of the relative standard deviation is calculated
from the set of the individual Lyy(i) as follows:

1 T
_ 9 est \2
oo = Egg | T 1 2@ =L ®

where LS4, is the exact normalized water-leaving ra-
diance estimated by the operational HyperSAS pro-
cessing based on the mean value of the sea radiance
computed over the N; individual measurements of
each sequence. Thus, the value of o, is an estimator
of the uncertainties induced by the geophysical noise
(i.e., environmental effects) and propagated through
the whole data processing. This value is used to
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Fig. 3. (Color online) (a) Absorption cross section of oxygen, ¢z,
in cm? per molecule (red line, data from [32)) and average sun glint
radiance L, in mW cm=2 sr~! ym~! derived from the HyperSAS da-
taset (black line). Histograms of (b) the difference and (c) the ratio
of the normalized water-leaving radiances Lyy measured on and
off the oxygen absorption peak centered on 760 nm. The shaded
areas correspond to the range of acceptable values applied in
the data quality process.
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quantify the geophysical uncertainty associated with
HyperSAS system.

B. HyperSAS Intrinsic Uncertainties

The parameter o,, has been computed for all the cen-
ter wavelengths for all the measurement sequences
for the different seasons of the year. The seasonal
mean values of o, are plotted in Fig. 4. The effect
of the sun and sky light on the sea surface is primar-
ily driven by the sun position in the sky and the
wind-rufiled sea [33,34]. Because sun position and
wind regimes change with the time of the year,
(i.e., seasonally), the HyperSAS uncertainties are
analyzed for each season independently. It should
be noted that the time axis of the plots of Fig. 4 is
given in UTC minus four hours as a local time indi-
cator. In addition, a gray scale is used when o, 1s
lower than 5%, which is the required accuracy for
water-leaving radiance remote sensing; a color scale
is used otherwise.

In spring [Fig. 4(a)l, the uncertainty estimator o,
at 550 nm is below 5% from early in the morning
around 8:30 am up to 2:30 pm. After 3 pm, the impact
of the sun glint is enhanced owing to the relative
position of the sun to the radiance sensor. Conse-
quently, the sun glint removal part of the data pro-
cessing becomes ineffective, and o, increases
above 15% at 550nm. It should also be noted that
the relative uncertainties exhibit a spectral depen-
dence. Thus, at 12pm, o, is lower than 5% over
the whole spectral range from 340 to 740 nm. Outside
this range and particularly in the near infrared part
of the spectrum the uncertainties increase up to 8%
at 800 nm and 30% at 860 nm. Over this specific part
of the spectrum, Ly is significantly low in compar-
ison to the sky and sun radiances. As a result, the
correction of the sea radiance from the wave induced
reflected light is no longer accurate enough. Based on
the statistics developed for the period April to July
2010 [Fig 4(a)], the HyperSAS data quality can be
summarized as follows: (i) uncertainties are below
5% for the spectral range of 330 to 750 nm until local
noon, (ii) between 12 pm and 2 pm acceptable uncer-
tainties are retrieved for a smaller spectral range,
(iii) after 2:30 pm the contribution of the sun glint
is strongly increasing and no data remain sufficiently
accurate.

Regarding the summer period, the ¢, values lead
to quite similar conclusions. Nevertheless, it should
be noted that the lack of data between 3:30 pm and
5pm [Fig. 4(b)] results from the application of the
sky-radiance relative standard deviation threshold
in the data quality processing of HyperSAS. In fact,
the sky-radiance sensor is pointing to the vicinity of
the sun during this period. The measured sky radi-
ance is consequently highly variable over the three
minutes of the measurement sequence inducing a
strong standard deviation similarly to that due to
a scattered cloud passing through the sensor field
of view. During fall and winter [Fig. 4(c) and 4(d)],
the time range for accurate data is substantially
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(Color online) Relative standard deviation (Rel. Std.) of Lyy as retrieved by HyperSAS system displayed with respect to the time

of acquisition and all the HyperSAS spectral bands. This relative standard deviation is used as an estimator of the intrinsic uncertainties
of HyperSAS. A squared pattern is used when no data are available.

longer from around 9am to 4:30 pm. However, the
spectral range of the acceptable uncertainties is
slightly reduced; especially in fall when this spectral
range is limited to 420-690 nm on average.

A more synoptic view of HyperSAS intrinsic uncer-
tainties can be expressed by plotting the mean o,
with respect to the viewing geometrical configura-
tion. This configuration is totally described by the so-
lar zenith angle and the relative azimuth ¢ between
the sun and the sensor while the HyperSAS viewing
angle is fixed and set to 40° from the nadir direction.
The convention used for the relative azimuth is
¢ = 0° when the sensor is in opposition to the sun,
and ¢ = 180° when the sun is behind the sensor.
The results are displayed in Fig. 5 for three center
wavelength widely used in ocean color radiometry
applications: 443, 550 and 670 nm.

For these three bands, results show minimum un-
certainties around ¢ = 130°, which is consistent with
previous theoretical studies [21]. The contamination
by environmental effects of the retrieved Lyy be-
comes sensitive for ¢ < 60° regardless of the sun
elevation with uncertainties higher than 5%. As a
consequence, it has been decided to eliminate from
the HyperSAS data quality processing, all data taken
for ¢ < 70°. For the rest of the viewing configura-
tions, the uncertainties remain lower than 5%,

thereby indicating the large range of viewing config-
uration available for acquiring accurate water-
leaving radiance from above water. Furthermore, it
should be noted that no data selection restrictions
were made based on wind speed or sea state consid-
erations for the results shown in Fig. 4. While the
average data quality remains accurate, it can be con-
cluded that the correction scheme of the sea surface
effect is sufficiently accurate at the level of 5% uncer-
tainty in Lyy. However, it should be remembered
that potential biases affecting Ly, are not taken into
account in this analysis, but will be assessed in the
next section based on intercomparisons with the col-
located SeaPRISM measurements. In conclusion, the
significant HyperSAS data accuracy has been shown
on the basis of statistics of daily measurements gath-
ered over more than one year (i.e., October 2009 until
January 2011), exhibiting uncertainties below 5%
within consistent spectral and time ranges which
are suitable for ocean color radiometry satellite vali-
dation activities.

5. SeaPRISM/HyperSAS Intercomparison

A. Water-Leaving Radiance Qualitatjve Intercomparison

Based on the CCNY data processing, the exact water-
leaving radiances, Lyy, are retrieved from the

20 October 2011 / Vol. 50, No. 30 / APPLIED OPTICS 5849



Relative std

0.0 0.

(a) wi=443nm .. )

wl = 560nm (©)

. D
0.3 0.4

wl = 670nm

g

Relative Azimuth [deg]
§3388

TEo3828

|
o
=

15 20 25 30 35 40 45 50 55 60 65 70 75
SZA [deg]
Fig. 5.

ll5202’53‘03r54lﬂll55I0556l06l570 7I5
SZA [deg]
(Color online) Relative standard deviation (uncertainty estimator) of Lyy as retrieved by HyperSAS system with respect to the

1520 25 30 35 40 4550 55 60 65 70 75
SZA [deg)

solar zenith angle and the relative azimuth between the sun and the sensor (equal to 180° when the sun is behind the sensor) at (a) 443,
(b) 560 and (c) 670 nm. A squared pattern is used when no data are available.

HyperSAS measurements over a more than one year
period. SeaPRISM and HyperSAS data are compared
assuming that both systems on the LISCO platform
observe the same geophysical target, i.e., the same
water composition, at the same time. As an example,
the distributions of Ly, retrieved from SeaPRISM
and HyperSAS measurements, respectively, are dis-
played for Nov. 4, 2009 (Fig. 6). This comparison
shows a satisfactory spectral agreement between
the two datasets. In addition, it should be noted that
the hyperspectral data exhibit consistent supple-
mentary information, in agreement with other data-
sets [35], showing specific fine spectral features not
discernible in the multispectral Lyy data obtained
from SeaPRISM.

The whole time series of Lyy at two SeaPRISM
spectral bands are plotted in Fig. 7. Note that all
the following intercomparisons are based on the level
1.5 SeaPRISM data and HyperSAS values derived
from the complete quality check process for the time
window between 9:00 and 16:00 LT. In addition, all
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Fig. 6. (Color online) Examples of coincident HyperSAS (black
dots) and SeaPRISM (red circles) exact normalized water-leaving
radiance (in mWcm2sr! um™!) for Nov. 4, 2009.
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the HyperSAS values with a relative azimuth smal-
ler than 70° have been eliminated because of the
glint contamination as discussed in the previous sec-
tion. For each day, the mean value and the standard
variation are calculated for SeaPRISM and Hyper-
SAS respectively, and plotted in Fig. 7.

In this figure, the time series exhibit strong seaso-
nal variations for both datasets. For instance, a spe-
cific pattern of high water-leaving radiances is
observable on March 17, 2010, resulting from an in-
crease of sediment concentration following a signifi-
cant storm event with higher riverine <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>